Flapping Wing Micro Air Vehicles (FWMAVs) hold the potential to both cover large distances and perform precision flights when arrived at destination. However, flying at different speeds leads to a complex control problem for attitude stabilization. Inspired by nature, we present a morphing mechanism that allows tailed FW-MAVs to have a passively stabilized attitude both in fast forward flight and in slow hovering flight. The mechanism displaces the wings and hence aerodynamic center. It is implemented on the DelFly II and tested in-flight in a motion tracking arena. The experimental tests show that the morphing mechanism indeed allows to fly passively stable in multiple flight modes. Just changing the aerodynamic center allows the DelFly II to fly fast forward (~ 6 m/s, pitch attitude of 10˚), transition to slow forward flight (~ 0.8 m/s, pitch attitude of 55˚), and back. The proposed mechanism paves the way for FWMAVs performing long range missions such as search-and-rescue.
INTRODUCTION
Many real-world missions for Micro Air Vehicles (MAVs) require a large flight envelope. For instance, in a search-and-rescue mission the MAV will first have to cover a large distance in order to look for the person in distress. Subsequently, it is often desirable that the MAV hovers close to target in order to transmit image and / or position data.
Rotorcraft such as quad rotors combine the capabilities of (relatively fast) forward flight and hovering flight. However, the forward flight mode is not energy efficient, limiting the total flight distance. In this respect, Flapping Wing MAVs (FWMAVs) are an interesting alternative. They hold the potential for both fast forward and hovering flight, while the lift generated by the wings makes them energy efficient in forward flight. Indeed, examples from nature include the hummingbird, which is able to migrate over large distances while also maneuvering close to a flower after arriving [1] .
Until now, FWMAVs have not lived up to this potential. A major problem is that the FWMAV should ensure stability in both flight modes. In this respect, two classes of FWMAVs can be discerned.
The first class of FWMAVs is 'tailless' and is passively unstable in both flight modes [2, 3, 4, 5, 6] . The FWMAVs in this class require active on board sensing and control to ensure stable flight. A significant obstacle in this class is the design of light, fast and powerful actuation mechanisms of the flapping wing [2, 4] . Moreover, this class of FWMAVs has mostly been designed for use around hover, and little to no attention is paid to the forward flight regime.
The second class of FWMAVs has a tail and can be passively stable in a single forward flight regime [7] . As will be further detailed in Section 2, the tail dampens rotation rates and also creates a moment correcting attitude disturbances. Tailed FWMAVs are typically controlled by means of actuation surfaces on the tail, such as a rudder and elevator. The flight speed at which the tailed FWMAV's attitude is passively stable depends on a number of factors, but most notably the geometry of the wing and horizontal stabilizer versus the center of gravity.
Looking at existing tailed FWMAVs, they are often either designed for outdoor fast forward flight [8, 9, 10, 11] or for indoor slow forward flight [12, 13, 14] . Active on board control can significantly aid in the stabilization of FWMAV, as was recently shown for the DelFly FWMAV that used onboard control to achieve hover flight [15] . However, also for tailed FWMAVs it becomes complicated to design a controller for the full flight envelope due to significant changes in actuator effectiveness in the various conditions. It would be highly desirable to have a straightforward mechanism so that FWMAVs could be passively stable in multiple flight regimes. Nature has found such a mechanism: flying animals such as insects and birds cover an incredibly large flight envelope by extensively changing the morphology of their body. For instance, dragonflies move their wings front and aft in order to displace the center of lift with respect to the center of gravity [16] .
In this article, we design and study a morphing mechanism for an FWMAV that displaces the relative position of the wings and center of gravity. We demonstrate that this mechanism allows the FWMAV to fly passively stable both in fast forward and in hovering flight.
The remainder of the article is structured as follows. In Section 2, we explain in more detail how the center of gravity of a tailed FWMAV influences that stable flight mode. In Section 3, we describe the FWMAV used in the experiments and how it was modified to allow for morphing. Then, in Section 4 we discuss the experimental setup and show the results.
We draw conclusions in Section 5. Finally, recommendations for the direction of future research is given in Section 6.
PASSIVELY STABLE FLIGHT
Passive aerodynamic stability of flapping wing MAV can be obtained using a horizontal and vertical stabilizer also referred to as tail or empenage [10, 17] . However, just like with traditional fixed wing aircraft, stable flight is only obtained when the center of gravity (c.g.) lies within certain bounds. From experiments it is seen that bounds differ in the case of hovering and fast forward flight.
Pitch rate damping
The horizontal and vertical stabilizer first of all and always act as rate dampers counter-acting pitch and yaw rotation rates of the vehicle. In Figure 1 , a positive pitch rate q is causing the horizontal stabilizer to move downward and the main wing to move upward. Hereby the relative wind direction for the main wing and horizontal stabilizer become V wing and V H respectively which create a damping moment C mq .
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Static Stability in Forward Flight
Statically stable flight can be obtained when from trimmed stationary forward flight an increase in angle of attack a leads to a moment C m acting against this change in angle of attack. The aft limit of the center of gravity where the aircraft is longitudinally statically stable is called the neutral point and is given by Eq. 1. The static margin is the distance between the neutral point and the actual c.g. location.
(1)
In trimmed non-accelerating flight, the sum of all moments acting around the center of gravity are zero. The change in moment in function of a change in angle of attack dα can be expressed dimensionless as: (3) where c is the mean aerodynamic chord, C Nα and C NHα are the increase in lift of the main wing and horizontal tail plane in function of increase in angle of attack a which act in their respective aerodynamic centers a.c. w and a.c. h at airspeed V air . Figure 2 shows the geometry. 
Slowing down to hovering flight
Unlike fixed-wing aircraft where stall would occur when slowing down toward complete hover, flapping wing MAV actively create airspeed over their wings by moving them allowing the aircraft body to slow down to full hover or even backward flight. Given proper positioning of the horizontal stabilizer, the induced airflow over the tail still allows control using the elevator.
Passively Stable Hover
A simplified schematic of the forces and center of gravity at hover and perturbed hover is given in Figure 3 . An initial pitch perturbation dθ will disturb equilibrium and cause a resulting forward acceleration. This will in turn accumulate into a forward speed V air which causes a moment C m which can be upward or downward depending on wing sizing, geometry and c.g. location. Stable hover can be obtained when a perturbation of attitude leads to a sufficiently large moment acting against this change in attitude. Stable hover means that a pitch down perturbation should lead to a pitch up moment to stay upright.
This can be obtained when the center of gravity is sufficiently far aft. As illustrated in Figure 3 , if the center of gravity is at the tail, then an airspeed Vair will cause a pitch up moment C N · (x h -x w ) which is stabilizing the hover and correcting pitch errors. If on the other hand we imagine the center of gravity at the nose, the airspeed will cause a pitch down moment, tipping the craft further over. In fact, the important parameter here is the location of the c.g.
Flight tests confirm that passively stable hover or slow hovering flight can be obtained given a sufficiently aft center of gravity.
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The Actual DelFly in Slow Hovering Flight
DelFly also has dihedral which leads to a higher mean aerodynamic center with offset z w and often has a lower center of gravity at an offset z c.g. as shown in Figure 4 . This causes the equilibrium point with hovering center of gravity to be at slow hovering flight with an angle θ as shown in Figure 4 .
Conflicting requirements
From the stability analysis in Section 2.2 and 2.4, it is established that the requirements for the location of the neutral point and c.g. for stable flight in both fast and slow regimes conflict with each other. A traditional approach is to select just one of the regimes, slow or fast, and carefully balance the c.g. to achieve stable flight in the chosen regime. Attempts to find a single center of gravity to enable both flight regimes typically end up having very mediocre to bad flight characteristics in both flight regimes:
Forward flight with an aft center of gravity causes unstable diving motions as soon as a critical forward speed is reached.
Slow hovering flight with a forward center of gravity falls back to fast forward flight in a phugoidlike manner when trying to slow down. Pulling the elevator harder to avoid speeding up again makes the aircraft loop or fall laterally as also the lateral dynamics are unstable with the lack of positive pendulum effect.
Neutral Point
Computation of the location of the neutral point in DelFly is a very difficult and interesting problem. The angle of attack of the incoming flow over the horizontal stabilizer for instance is so high that stall occurs at slow hovering flight. When transitioning from hover to forward flight for instance, at some point the flow over the horizontal stabilizer transitions from stall to attached flow which causes significant changes is lift coefficients. This all points to the fact that the neutral point itself significantly moves depending on flight conditions. Moreover the unsteady aerodynamics of the main wings also have interesting non-linear effects. Moreover, the position and size of the horizontal stabilizer in the down-wash of the main wing can also influence the flow over them and thereby influence the neutral point.
Initial tests indicate that the neutral point moves forward in hovering flight, which is in favor for the stability requirements and could help explain why the DelFly has such a large stable flight envelope. But no setup could be found where both forward fast speed and hover are stable.
Electronic stabilization
To obtain a flapping wing vehicle that is stable from hover to very fast forward flight, an option is to apply electronic or active stabilization to the unstable flight regime.
Besides the obvious requirements on actuator performance, stabilizing the hover regime with a forward center of gravity has the difficulty that the effectiveness of the elevator is not constant. During descending flight at some point where the descend speed equals the induced down-flow over the wings the effectiveness even becomes zero and at faster descent or tail-slide the elevator effect even changes sign. And at disturbed attitude angles, the tail is not always in the down-flow of the main wing with changing effectiveness. At climbing flight the extra airflow over the tail can easily increase the pitch moment of the elevator an order of magnitude, yielding an overall very inconsistent effectiveness and hard to tune controller.
Stabilizing the fast forward flight with an aft center of gravity is more predictable, but requires very fine control of the elevator very fast and with significant force as the horizontal stabilizer is highly loaded with the aft center of gravity. Any play in the elevator control creates hysteresis problems and the resulting flight is constantly oscillating between accelerating downward unstable flight to accelerating upward unstable flight which can only be made smooth with sufficiently high elevator precision and low play.
Relative c.g. change
Another option to obtain stable flight from hover to very fast forward flight is to have a shifting a.c. relative to the c.g.. This method tries to resolve the conflict described in Section 2.6. This can be accomplished by either shifting the c.g. or changing the location of the a.c.. The latter approach is explored in this paper and is further illustrated in the following section.
SETUP 3.1 DelFly Limo
Our DelFly LiMo is a modified version of the DelFly II and weighs 20 grams. Its main wing is a flapping X-wing, but for control it features stabilizers and control surfaces much like any fixed-wing platform.
It was empirically established that a shift of 3 cm in the relative position of the a.c. and c.g. was needed to obtain favorable flight characteristics for our DelFly in both flight regimes. At first, shifting the battery, which is the heaviest component, seems the simplest way of achieving this. But the battery weighs only 4 gram compared to the 16 grams of the total platform. It would therefore have to shift 12 cm, which presents considerable challenges considering the total length is only 28 cm.
Instead it is simpler to shift the a.c. by moving the wing (together with the motor, motor housing and ESC, as this is one part). Because the wing and motor make up about one quarter of the total weight, this shift also moves the location of the c.g.. This is illustrated in Figure 6 .
When the wing (and hence a.c.) is shifted forward 4.2 cm (δ xwing ), the c.g. moves forward 1.0 cm (δ xc.g. ). The net effect is a change of 3.2 cm in the position of the c.g. relative to the a.c.. In slow forward flight mode, i.e. with the wing extended forward, the c.g. lies at 85% chord length. In fast flight mode the c.g. lies at 55% chord length.
The DelFly LiMo incorporates a linear sliding motion system that moves the main wing along the fuselage, see Figure 5 .
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International Journal of Micro Air Vehicles One of the main difficulties to overcome was to design a light weight system that was low friction and could generate sufficient force to pull the wing under load. It was important that the system did not to draw too much current, as this would drop the voltage far enough to reset the autopilot, temporarily losing control. This frequently happened in the earlier designs, especially at low battery levels.
For low friction the main wing was equipped with two sliders made of hard injection molded plastic that slide over two round carbon rods attached to the main body. The dual rod construction prevents the main wing from rotating along the longitudinal axis, see Figure 7 and 8.
For moving the wing a lead screw drive was chosen for its compactness and simplicity (and thus low weight), large mechanical advantage and self locking properties. This is the same principle found in many linear servos. However, no off-the-shelf linear servos in this weight class exist that have sufficient travel. Therefore, a 1.7 gram micro linear servo was modified by replacing the thread for a longer one and any excess weight was cut. The motor and gearing was fixed to the fuselage and the moving lead-nut to the main wing. With this system, the motor pulls the main wing over a distance of 42 mm in roughly 1 second. The lead screw drive on the DelFly LiMo is shown in Figure 8 .
To keep the system simple and light-weight, no position feedback is added and the control of the motor is open loop. By trial and error the right amount of time the motor needs to operate to shift the wing was found. Due to the thrust generated by the wing which helps pull the wing forward, the motor needs to run a shorter time when extending than when contracting.
The total system makes the DelFly LiMo 4 grams heavier than the regular DelFly II, leading to a total of 20 grams. 
EXPERIMENTS 4.1 Experimental setup
Flight tests in both regimes were performed to assess stability, as well as transitions from slow to fast forward flight and vice versa. The DelFly LiMo was flown in the TU Delft "Cyberzoo" (see Figure 9 ), which is equipped with an OptiTrack motion capture system. This system was used to measure the DelFly's position and attitude. The flight arena measures 7 × 7 meters in depth and width, too small for sustained fast forward flying. To assess stability in this regime, the DelFly was also flown outside and its behavior observed.
The indoor flight tests were performed by starting in one corner of the arena in either hover or fast forward mode. After being launched from hand, the DelFly LiMo was steered to the opposite corner of the arena. When it had gained sufficient velocity, the flight mode was switched. The DelFly was controlled by RC and during the tests throttle was controlled manually to keep height. Rudder / aileron were controlled to remain on a straight trajectory. No elevator input was given so as to observe the passive behaviour of the DelFly. For practical reasons, the DelFly was secured by a wire attached to a pole with a person following. This prevented damage in the event of a crash.
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Results
The DelFly LiMo was flown outdoors in forward flight and showed stable flight characteristics 1 . Flight speed is estimated around 5 to 7 m/s. Transitions in both directions were successfully performed. Measurements for indoor slow hovering flight are shown in Figure 10 . The DelFly LiMo is passively stable and it is easily flown hands-off when properly trimmed. It flies at a speed of 0.8 m/s at a pitch angle of 55 degrees. This is less than the DelFly II, which generally flies at a pitch angle of 70 degrees, but this is dependent on the specific trim setting of the elevator and location of c.g.. In Figure 11 the height, speed and pitch angle are shown for a transition from fast forward flight to slow hovering flight. As the DelFly LiMo is launched from hand, at the start it is speeding up and its pitch angle decreases towards the horizontal in an effort to reach equilibrium, as its wing is in fast forward flight configuration. However, due to the limited space the DelFly does not have enough time to reach fast forward flight speed. Instead, the shift of the main wing makes it gradually pitch upward, reducing speed and increasing altitude. After two seconds it reaches equilibrium for slow forward flight. The transition is very smooth and requires no control input of the pilot, other than flipping the switch.
In Figure 12 the transition from slow to fast forward flight is plotted. Directly after switching mode the DelFly LiMo momentarily pitches up, before pitching forward and picking up speed. No significant control input was given during the manoeuvre. The DelFly remains stable during the transition and automatically pitches forward to reach the new equilibrium point, without any input of the pilot. 2 
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CONCLUSION
A morphing wing mechanism was devised to solve the problem of enlarging the passive stable flight envelope of a FW-MAV. We presented a light weight system capable of generating enough force to move the main wing over a sufficient distance to change the flight properties of a FWMAV. The proof of concept was successfully tested both indoors and outdoors. With this system, the Delfly LiMo is capable of adapting its flight dynamics to realize passively stable behavior in both slow and fast forward flight.
RECOMMENDATIONS
Given the limited understanding we have of the aerodynamics and flight dynamics of the DelFly there is much to be left for future investigation.
Better knowledge of the flapping wing aerodynamics will give insight in the many non-linear effects that could explain why the DelFly flies as it flies. A continuous effort is going on at the TU Delft to achieve this improved understanding.
Even though the aerodynamics could tell us what principles underlie certain behaviour, more effort should be directed towards understanding the DelFly dynamically as a system. We haven't been able yet to come up with a complete theory that explains the high stability of the DelFly in the slow forward flight regime and the necessity of the c.g. to be further back than in forward flight. This is in part due to said lack of understanding of the aerodynamics which could help explain the observed non-linearities and the presumed interactions between the flapping wing and stabilizing surfaces. Without these basic understandings we lack the building blocks to establish a good model of the DelFly. However, besides this fundamental understanding, more research should be conducted towards the force and moment equilibria and dynamics effects of disturbances on the DelFly, by means of wind tunnel tests and test flights.
By both quantitatively and qualitatively studying the effect of certain design parameters (e.g. main wing and tail wing size, shape and location, location of c.g. etc.) on the dynamic behaviour of the system, the most important factors that determine the flight characteristics could be identified. This in turn will allow both fundamental research to be tuned towards most relevant areas and at the same time the design to be optimized to increase the DelFly's performance or extend its flight envelope, possibly even without techniques like active morphing. For example, the location of neutral point favorably changes forward for high angles of attack. If this effect could be reinforced, by for example dimensioning the tail in a specific way that encourages this effect, the neutral point might shift sufficiently to guarantee stable behavior from fast to slow forward flight.
